Forces generated by the cytoskeleton can be transmitted to the nucleus and chromatin via physical links on the nuclear envelope and the lamin meshwork. Although the role of these active forces in modulating prestressed nuclear morphology has been well studied, the effect on nuclear and chromatin dynamics remains to be explored. To understand the regulation of nuclear deformability by these active forces, we created different cytoskeletal states in mouse fibroblasts using micropatterned substrates. We observed that constrained and isotropic cells, which lack long actin stress fibers, have more deformable nuclei than elongated and polarized cells. This nuclear deformability altered in response to actin, myosin, formin perturbations, or a transcriptional down-regulation of lamin A/C levels in the constrained and isotropic geometry. Furthermore, to probe the effect of active cytoskeletal forces on chromatin dynamics, we tracked the spatiotemporal dynamics of heterochromatin foci and telomeres. We observed increased dynamics and decreased correlation of the heterochromatin foci and telomere trajectories in constrained and isotropic cell geometry. The observed enhanced dynamics upon treatment with actin depolymerizing reagents in elongated and polarized geometry were regained once the reagent was washed off, suggesting an inherent structural memory in chromatin organization. We conclude that active forces from the cytoskeleton and rigidity from lamin A/C nucleoskeleton can together regulate nuclear and chromatin dynamics. Because chromatin remodeling is a necessary step in transcription control and its memory, genome integrity, and cellular deformability during migration, our results highlight the importance of cell geometric constraints as critical regulators in cell behavior. mechanotransduction | cell geometry | actomyosin contractility | chromatin dynamics | telomere dynamics P hysical properties of the nucleus, such as its morphology and deformability, have been associated with important cellular functions like gene expression, genome integrity, and cell behavior (1-3). The major cellular components that regulate these physical properties are the cytoskeleton to nuclear links and the nuclear lamina (4-8). Lineage-specific physical properties of the nucleus emerge during cellular differentiation; although stem cell nuclei are highly deformable (9, 10) and have a dynamic chromatin with hyperdynamic chromatin proteins (11), with differentiation, nuclei lose their deformability and become less deformable (12). The nucleus in a differentiated cell is physically coupled to the cytoskeleton via lamins and the linker of nucleoskeleton and cytoskeleton (LINC) complex, which comprises transmembrane Sad1p, UNC-84 (SUN) and Klarsicht, ANC-1, Syne Homology (KASH) domain proteins (13-18). Any perturbation to these components is linked to changes in nuclear morphology and deformability (19). Therefore, the meshwork of actin stress fibers and lamin A/C serves as a critical physical intermediate in the maintenance of nuclear functional homeostasis. The physical properties of the nucleus govern the spatiotemporal packaging of chromatin, which regulates lineage-specific gene expression programs (20) (21) (22) . In addition, modulations in cytoskeletal to nuclear links have been implicated in DNA damage and genome integrity (23, 24) . The maintenance of nuclear physical properties is also essential in cell migration during developmental programs (25) as well as in wound healing (26, 27) . Defects in nuclear morphology and its deformability have also been shown to be important in metastatic potential and cancer cell invasion (28). Further, a number of diseases have been associated with loss of the mechanical integrity of the nuclear lamina (29-31). However, the regulation of the mechanical integrity of the cell nucleus by the active cytoskeletal network is not well understood.
Forces generated by the cytoskeleton can be transmitted to the nucleus and chromatin via physical links on the nuclear envelope and the lamin meshwork. Although the role of these active forces in modulating prestressed nuclear morphology has been well studied, the effect on nuclear and chromatin dynamics remains to be explored. To understand the regulation of nuclear deformability by these active forces, we created different cytoskeletal states in mouse fibroblasts using micropatterned substrates. We observed that constrained and isotropic cells, which lack long actin stress fibers, have more deformable nuclei than elongated and polarized cells. This nuclear deformability altered in response to actin, myosin, formin perturbations, or a transcriptional down-regulation of lamin A/C levels in the constrained and isotropic geometry. Furthermore, to probe the effect of active cytoskeletal forces on chromatin dynamics, we tracked the spatiotemporal dynamics of heterochromatin foci and telomeres. We observed increased dynamics and decreased correlation of the heterochromatin foci and telomere trajectories in constrained and isotropic cell geometry. The observed enhanced dynamics upon treatment with actin depolymerizing reagents in elongated and polarized geometry were regained once the reagent was washed off, suggesting an inherent structural memory in chromatin organization. We conclude that active forces from the cytoskeleton and rigidity from lamin A/C nucleoskeleton can together regulate nuclear and chromatin dynamics. Because chromatin remodeling is a necessary step in transcription control and its memory, genome integrity, and cellular deformability during migration, our results highlight the importance of cell geometric constraints as critical regulators in cell behavior. mechanotransduction | cell geometry | actomyosin contractility | chromatin dynamics | telomere dynamics P hysical properties of the nucleus, such as its morphology and deformability, have been associated with important cellular functions like gene expression, genome integrity, and cell behavior (1-3). The major cellular components that regulate these physical properties are the cytoskeleton to nuclear links and the nuclear lamina (4) (5) (6) (7) (8) . Lineage-specific physical properties of the nucleus emerge during cellular differentiation; although stem cell nuclei are highly deformable (9, 10) and have a dynamic chromatin with hyperdynamic chromatin proteins (11) , with differentiation, nuclei lose their deformability and become less deformable (12) . The nucleus in a differentiated cell is physically coupled to the cytoskeleton via lamins and the linker of nucleoskeleton and cytoskeleton (LINC) complex, which comprises transmembrane Sad1p, UNC-84 (SUN) and Klarsicht, ANC-1, Syne Homology (KASH) domain proteins (13) (14) (15) (16) (17) (18) . Any perturbation to these components is linked to changes in nuclear morphology and deformability (19) . Therefore, the meshwork of actin stress fibers and lamin A/C serves as a critical physical intermediate in the maintenance of nuclear functional homeostasis. The physical properties of the nucleus govern the spatiotemporal packaging of chromatin, which regulates lineage-specific gene expression programs (20) (21) (22) . In addition, modulations in cytoskeletal to nuclear links have been implicated in DNA damage and genome integrity (23, 24) . The maintenance of nuclear physical properties is also essential in cell migration during developmental programs (25) as well as in wound healing (26, 27) . Defects in nuclear morphology and its deformability have also been shown to be important in metastatic potential and cancer cell invasion (28) . Further, a number of diseases have been associated with loss of the mechanical integrity of the nuclear lamina (29) (30) (31) . However, the regulation of the mechanical integrity of the cell nucleus by the active cytoskeletal network is not well understood.
Recent studies have revealed that cytoskeletal organization and nuclear morphology are regulated by extracellular mechanical signals, such as substrate stiffness and geometry (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . With the cytoskeleton physically linked to the nucleoskeleton, these extracellular mechanical signals can therefore be used to mediate changes in chromatin structure. Active cytoskeletal forces can mediate the mechanotransduction to the nucleus, to remodel 3D chromosome organization as well as permissivity to chromatin structure by regulatory molecules (42, 43) . Cytoskeletal to nuclear links are also essential to the maintenance of poised euchromatin and more repressive condensed chromatin, i.e., heterochromatin assembly (44) . Heterochromatin is stabilized by links between the actin cytoskeleton and the nuclear membrane (45) (46) (47) . In addition, telomeres, the ends of chromosomes, are necessary for genome stability because they protect chromosomes from DNA damage response machinery (48) . In this context, the dynamic control of nuclear deformability by
Significance
Physical properties of the cell nucleus are important for various cellular functions. However, the role of cell geometry and active cytoskeletal forces in regulating nuclear dynamics and chromatin dynamics is not well understood. Our results show cells with reduced matrix constraints have short actomyosin structures. These dynamic structures together with lower lamin A/C levels, resulting in softer nuclei, may provide the driving force for nuclear fluctuations. Furthermore, we observed increased dynamics of heterochromatin and telomere structures under such reduced cell-matrix interactions. We conclude that extracellular matrix signals alter cytoskeletal organization and lamin A/C expression levels, which together lead to nuclear and chromatin dynamics. These results highlight the importance of matrix constraints in regulating gene expression and maintaining genome integrity.
actomyosin contractility and its effect on heterochromatin and telomere dynamics are still unclear.
To understand the mechanism underlying the cytoskeleton mediated alterations in nuclear and chromatin dynamics, we modulated cytoskeletal organization using cell geometric constraints and measured nuclear deformability and heterochromatin and telomere dynamics. We found that in cells with constrained and isotropic geometry, the nucleus is more deformable than cells with elongated and polarized geometry. We further showed that this can be attributed to differential force generating actomyosin structures and differential lamin A/C expression levels in the two geometries. These active cytoskeletal forces were also found to regulate the dynamics of subnuclear heterochromatin and telomere structures. Our observations suggest that active forces from the cytoskeleton regulate nuclear and chromatin dynamics, which could in turn affect the spatiotemporal regulation of genomic processes and thus cell behavior.
Results
Reduced Matrix Constraints Enhance Nuclear Deformability. Various studies have shown that the geometry of the cell regulates cytoskeletal organization. Hence, to probe the effect of cytoskeletal organization on nuclear dynamics, NIH 3T3 fibroblast cells were cultured on fibronectin micropatterns of two extreme geometries; namely, large polarized (1,800 μm 2 1:5 rectangle) or constrained isotropic (500 μm 2 circle). Cells cultured on these geometries exhibited distinct cytoskeletal organization and nuclear morphologies. Consistent with previous studies (32) , large polarized (LP) cells were flat, their actin was organized as long apical stress fibers, and the nucleus was also flat and elongated. On the other hand, constrained isotropic (CI) cells were taller, their actin was organized as short filaments or patches, and the nucleus was rounded (Fig. 1A and Fig. S1 A and B) . Despite the nuclear height being greater in CI cells, the projected nuclear area, surface area, and volume were less compared with LP cells (Fig. S1C) .
Next, to study the dynamics of nuclear morphology as a function of the two extreme cytoskeletal organizations, time lapse imaging was performed using fibroblasts stably expressing H2B-EGFP and cultured on LP or CI fibronectin micropatterns (Movie S1). The time lapse images were thresholded to obtain the nuclear periphery before the time series was converted to a z stack (Fig. S1D ) and reconstructed in Imaris to form a surface (Fig. 1B) . These kymographs revealed increased nuclear periphery fluctuations in CI cells. Also, superimposition of nuclear peripheries at different time points (Fig. 1C) revealed that in LP cells, the nuclear periphery does not undergo a significant alteration with time as opposed to CI cells, which show significant fluctuations of the nuclear periphery within 10 min. To quantify the fluctuations of the nuclear envelope, projected nuclear area was plotted as a function of time. This was obtained by thresholding either the widefield images of the nucleus or the maximum intensity projection of all confocal z-slices of the nucleus. Such projected nuclear area vs. time curves were then fitted with a third-order polynomial, and the residuals were normalized by the value of the polynomial fit at each time point. These normalized residual fluctuations were then plotted as a function of time. Typical time traces of projected nuclear area fluctuations (PNAFs) revealed a relatively constant projected nuclear area in LP cells over a period of 20 min and up to 10% fluctuations in CI cells (Fig. 1D ). This increased nuclear deformability of CI cells was consistently different from LP cells, as observed over multiple cells (Fig. 1E) . Typical time traces of absolute residual area (in μm 2 ) also showed higher fluctuations in CI cells compared with LP cells (Fig. S1E) . However, the nuclear surface area and volume in CI cells did not show such large fluctuations (Fig. S1 F and G) . To quantify the amplitude of fluctuations, PNAF data from all cells and time points were combined to obtain a distribution. SD (σ) of this distribution (or the full width at half maximum of its Gaussian fit, which equals 2.355σ) was used to compare the amplitude of area fluctuations (Fig. 1F) . The σ of PNAF was 5.3% in CI cells, compared with only 1.7% in LP cells (Fig. 1F, Inset) . To understand this cell geometry-mediated threefold change in nuclear deformability, we next probed the role of cytoskeletal forces and nuclear stiffness.
Actin, Myosin, and Formin Regulate Matrix-Assisted Nuclear Deformability.
To study the role of cytoskeletal forces in PNAF, actin organization was perturbed in both LP and CI cells by treating them with actin depolymerizing and actin stabilizing agents cytochalasin-D and jasplakinolide, respectively. In each case, time lapse imaging was first performed on control cells (n > 15). These same cells were then treated with pharmacological agents and reimaged. Periphery kymographs for all treatments are shown in Fig. 2A . Here the PNAF showed a nonmonotonic dependence on the state of actin polymerization. Depolymerization of F-actin in LP cells using cytochalasin-D decreased the projected nuclear area exponentially with time. In this case, the PNAF was calculated by normalizing the residuals of an exponential fit with the value of the fit at each time point. Cytochalasin-D treatment in LP cells enhanced PNAF from 1.7% to 5.3% ( Fig. 2 A and B and Movie S2), and actin stabilization (using jasplakinolide) in CI cells reduced PNAF from 5.3% to 1.6% ( Fig. 2 A and B and Movie S3). Surprisingly, further actin depolymerization in CI cells using cytochalasin-D also reduced the PNAF from 5.3% to 2.2% ( Fig. 2 A and B and Movie S4). Consistent PNAF were obtained upon actin perturbation in multiple cells (Fig. S2 A-C) . Such nonmonotonic dependence of PNAF on actin polymerization (Fig. 2B and Fig. S3 ) suggests that only cells with intermediate state of actin polymerization exhibit fluctuations in the projected nuclear area. and Movies S5 and S6), suggesting that along with small polymerized units of actin, myosin is also necessary to induce the observed nuclear fluctuations. The blebbistatin mediated decrease in PNAF was highly reproducible (Fig. S2E) . Consistent with this, ATP depletion also significantly decreased the PNAF (Fig. S4) .
To assess if nucleators of actin polymerization, such as formin, could be generating these active forces, we inhibited formin activity using SMIFH2 in cells with enhanced PNAF, i.e., CI cells and cytochalasin-D-treated LP cells. The PNAF in both cases were reduced by half in all cells ( Fig. 2 G and H, Fig. S2F , and Movie S7), confirming that formin indeed plays a role in nuclear fluctuations. Next, we assessed if the physical links between the cytoskeleton and the cell nucleus are required to generate the observed projected area fluctuations.
LINC Complex and Microtubules Affect Amplitude of Nuclear Area
Fluctuations. Actin is physically linked to the nucleus via nesprin, which is a component of the LINC complex (49) . To understand whether this physical link is necessary for nuclear deformability, cells were transfected with dominant negative (DN)-KASH fused with GFP, which displaces the endogenous nesprin from the nuclear envelope to the endoplasmic reticulum, thereby disrupting the LINC complex (50) . These cells were then cultured on CI fibronectin micropatterns, and time lapse imaging of H2B-mRFP labeled nuclei was performed in cells expressing DN-KASH GFP ( Fig. 3A and Movie S8). Periphery kymographs of these nuclei ( complex may only partially be responsible for actomyosin mediated nuclear fluctuations.
We next explored whether microtubules serve as additional force transducers between the actomyosin structures and the nuclear periphery. Microtubules are physically coupled to the nucleus via LINC complex (51) and to actin via microtubuleactin crosslinking factors (MACFs) (52) . To probe whether the microtubule network that surrounds the nucleus could transmit force for nuclear fluctuations, microtubules were depolymerized using nocodazole in cells on CI patterns. Typical time traces of the normalized PNAF (Fig. 3D ) and the σ of their distribution (Fig. 3D , Inset) revealed 1.5-fold increase compared with control CI cells. This can be explained by either loss of perinuclear microtubule cage and/or enhanced actomyosin contractile forces following microtubule depolymerization (53) . Taken together, these results show that perturbations of the physical links only partially affect the amplitude of PNAF, suggesting that there are additional mechanisms that drive nuclear fluctuations.
Lamin A/C Levels Inversely Regulate Nuclear Deformability. Structural lamin proteins in the nuclear envelope regulate nuclear stiffness: whereas lamin A/C confers rigidity to the nucleus, its absence increases nuclear deformability (54, 55) . To understand the relation between lamin-mediated nuclear stiffness and cytoskeletal-mediated nuclear fluctuations we overexpressed lamin A/C using transient transfection in fibroblasts before culturing them on CI patterns. Time lapse imaging was then performed for cells expressing both lamin A/C-RFP and H2B-EGFP ( Fig. 4A and Movie S9). Typical time traces of normalized PNAF in these cells (Fig. 4B) showed significantly lower amplitude than in control CI cells (Fig. 1E) . The σ of the distribution of the area fluctuations was reduced 1.5-fold compared with control CI cells (Fig. 4B, Inset) . The nuclear periphery kymograph (Fig. 4D ) also showed a significant decrease in periphery fluctuations compared with control CI cells (Fig. 1B) .
This result suggested that geometric constraints placed on a cell might regulate lamin A/C expression and thus alter PNAF. We therefore checked whether the endogenous lamin A/C levels were altered in wild-type cells on CI compared with LP patterns. To achieve this, lamin A/C mRNA levels were measured using quantitative (q)RT-PCR in both geometries. CI cells showed 80% reduction in lamin A/C mRNA levels compared with LP cells (Fig. 4C) . Decreases in lamin A/C protein in poorly spread cells on soft substrates have been reported (56) .
To further investigate the role of lamin A/C in the inhibition of PNAF, lamin A/C knockout and control (stably transfected with empty vector) MEFs (57) transfected with H2B-EGFP were cultured on LP micropatterns (Fig. 4 E and G) . Time lapse imaging of the nuclei in these cells (Fig. 4 G and H and Movie S10) revealed increased PNAF in the knockout cells (Fig. 4 F and H) . The σ of distribution of area fluctuations showed 3.4-fold increase in the knockout cells compared with control MEFs (Fig. 4H , Inset). The nuclear periphery kymograph (Fig. 4D ) also showed increased fluctuations in knockout MEFs. Taken together, these results suggest that lamin A/C-mediated nuclear stiffness inversely regulates the cytoskeletal-mediated nuclear deformability.
Deformable Nuclei Have Increased Heterochromatin Dynamics. To understand whether PNAF have an effect on chromatin dynamics, we followed the trajectories of heterochromatin foci, visible as bright spots in H2B-EGFP labeled nuclei. XY trajectories ( Fig. 5 A and B) and line kymographs across the nucleus (Fig. S5A) were obtained from maximum intensity projected time series of cells on CI and LP micropatterns. These trajectories and kymographs showed an increase in heterochromatin dynamics in CI compared with LP cells. Such dynamics in CI cells were abolished by blebbistatin treatment. In contrast, heterochromatin foci became more dynamic in LP cells following cytochalasin-D treatment. Mean squared displacement (MSD) vs. time curves show that although the foci are usually confined in LP cells, they become more diffusive in CI cells (Fig. 5C) . Further, the MSD vs. time curves for cytochalasin-D and blebbistatin treatments suggest that such confined and diffusive dynamics of the heterochromatin foci in LP and CI patterns, respectively, are regulated by actomyosin contractility.
We then sought to answer whether the correlation between heterochromatin foci trajectories changes as a function of PNAF. For this, 3D trajectories of individual foci were obtained using Imaris (Movie S11), and their pairwise vector Pearson correlation coefficient was calculated (Materials and Methods and Fig.  S5 B and C) . In a typical CI cell, most pairs of foci trajectories were uncorrelated (Fig. 5 D and F) . On the other hand, in a typical LP cell, the foci trajectories were highly correlated (Fig. 5  E and G) . Additionally, the foci pairs in LP cells could be distinguished into two groups, based on their z-position. The foci in the apical region were correlated with other foci in apical region, whereas those in the basal region were correlated with other foci in basal region, but apical and basal foci were uncorrelated with each other (Fig. 5 E and G and Fig. S5 D and E) . The foci trajectory correlations increased drastically in CI cells following blebbistatin (Fig. 5H ), whereas they were reduced for most foci pairs in LP cells upon cytochalasin-D treatment (Fig. 5I, Fig. S5F , and Movie S12). These results suggest that active cytoskeletal forces modulate correlated dynamics of chromatin domains.
To understand whether such cytoskeletal mediated chromatin perturbation was reversible, LP cells treated with cytochalasin-D for 30 min were washed, and time lapse imaging was performed using the same cells. Surprisingly, the spatial map of the chromatin images, which was altered upon cytochalasin-D treatment, was fully restored after the agent was washed off (Fig. 5J) . Photobleached regions in the nucleus were also restored after the drug was washed off in LP cells, whereas in CI cells the bleach patterns were lost even before the drug treatment (Fig. S6  A and B) . The correlation between H2B-EGFP intensity histograms (Fig. 5K ) and polarization anisotropy histograms (Fig.  S6C ) of drug-perturbed and washed nuclei with control nuclei revealed that an hour after the drug was washed off, the nuclei had almost returned to their initial configuration. Additionally, the pairwise foci trajectory correlations were completely restored an hour after the drug was washed off, and apical and basal groupings similar to control nuclei were established (Fig. 5L) . The XYZ trajectories of some heterochromatin foci during the nuclear deformation phase immediately upon cytochalasin-D treatment also overlapped with their trajectory during the restoration phase immediately following the washout (Fig. S6D) . These results indicate the reversible nature of cytoskeletal-mediated chromatin dynamics. Next, we assessed the effect of PNAF on the dynamics of specific functional units inside the nucleus: the telomeres. To probe the effect of PNAF on telomeres, H2B-EGFP fibroblasts were transfected with telomeric repeat binding factor 1 (TRF1) tagged with dsRed. These cells were cultured on LP and on CI micropatterns, and time lapse confocal imaging was performed. Telomeres were visible as distinct bright punctae of TRF1 dsRed in the nucleus. An overlap of z-projected TRF1 dsRed images with a time difference of 3 min showed almost perfect merge in case of LP cells, whereas there was a significant shift in telomere positions in case of CI cells (Fig. 6 A and B and Movies S13 and S14). To probe long-timescale dynamics of telomeres, line kymographs across the nucleus in the z-projected TRF1 dsRed time series were plotted for 1 h, which showed higher dynamics of telomeres in CI cells compared with LP cells (Fig. S7 A and B) . Typical 3D trajectories of telomeres revealed that in LP cells, telomeres were more confined compared with CI cells, where they explored a volume of ∼0.15 μm 3 compared with 0.01 μm 3 in LP cells (Fig.  6C) . FWHM of the histogram plotted for distance from mean position by combining data from all time points and all telomeres showed almost double radial spread of the telomere trajectory in CI cells compared with LP cells (Fig. 6D) . Because CI cells showed a reduction in lamin A/C levels and the associated enhanced telomere dynamics, we next assessed its role in regulating the observed dynamics. For this, lamin A/C −/− cells were plated on LP patterns, and telomere dynamics were measured (Movie S15). The radial spread in lamin A/C-deficient cells on LP patterns was doubled compared with WT LP cells, suggesting that lamin A/C could be an essential intermediate in stabilizing telomere dynamics. Because actomyosin contractility was a critical determinant of nuclear and chromatin dynamics, we measured telomere dynamics in blebbistatin-treated CI cells (Movie S16) and cytochalasin-D-treated LP cells (Movie S17). The radial spread of the trajectory decreased from 0.66 μm to 0.22 μm upon blebbistatin treatment in CI cells, whereas it did not show drastic change in LP cells upon cytochalasin-D treatment (Fig. 6E) . In addition, telomere speeds showed a similar trend to their radial spreads. Telomeres in CI cells and lamin-deficient cells on LP patterns moved significantly faster than control LP cells. Further, blebbistatin treatment significantly slowed down the telomeres in CI cells, whereas cytochalasin-D treatment did not alter the speed of telomeres in LP cells (Fig. S7  C and D) .
We characterized the telomere motion further by quantifying the MSD of individual telomeres in each case. MSD vs. time plots showed much more diffusive telomeres in CI cells compared with LP cells (Fig. 6F) with the exponent α, which defines the type of motion, varying from 0.75 in CI to 0.55 in LP cells (Fig. 6G) . The exponent α was also higher in lamin-deficient cells on LP patterns and cytochalasin-D-treated LP cells compared with control LP cells. Blebbistatin treatment of CI cells reduced α significantly compared with control CI cells (Fig. 6H) .
Next, to probe whether the correlation between telomere trajectories change as a function of PNAF, pairwise vector Pearson correlation coefficient was calculated for each pair of telomeres in different conditions. In a typical LP cell, most telomere trajectories were correlated (mean correlation ∼0.65), whereas in CI cells, much fewer pairs were correlated (mean correlation ∼0.15) (Fig. 6  I and J) . Cytochalasin-D treatment altered the correlation map of telomere trajectories in LP cells making them more uncorrelated (mean correlation ∼0.1), whereas blebbistatin treatment in CI cells increased the trajectory correlations (mean correlation ∼0.4). Lamin A/C-deficient cells on LP patterns also showed much fewer correlated telomere pairs (mean correlation ∼0.1) compared with control LP cells (Fig. 6K and Fig. S7 E-G) . These results suggest that active cytoskeletal forces as well as lamin A/C together regulate the correlated dynamics of telomeres.
Discussion A critical step in the alteration of genome function is the regulation of nuclear and chromatin dynamics. Chromatin dynamics can be induced by nuclear ATPases such as polymerases, topoisomerases, and chromatin remodeling complexes at millisecond timescales (58-60). However, recent findings suggest that chromatin dynamics can also result from matrix remodeling (42, 43) . In addition, perturbation of cytoskeletal filaments via RNA interference affects histone diffusion timescales (7) . Furthermore, altering cell geometric constraints affects gene expression via redistribution of chromatin remodeling enzymes (61) . In this context, to understand how physical forces from the cytoskeleton might regulate genome programs, we performed quantitative analysis of nuclear deformations and chromatin dynamics arising from such active cytoskeletal forces. Centromeres and telomeres are constitutive heterochromatin structures associated with gene regulation and chromosome stability. Hence, we also probed the effect of active cytoskeletal forces on dynamics of these functional chromatin units. We observed an unusual nonmonotonic dependence of actomyosin contractility in the regulation of nuclear dynamics. By altering cell geometric constraints and introducing pharmacological reagents, both actomyosin contractility and microtubule organization could be modulated to investigate this phenomenon. The nonmonotonic dependence on actomyosin contractility suggests that small actin networks cause nuclear fluctuations. Small punctated actin structures were indeed observed in CI and cytochalasin-D-treated LP cells, which show higher nuclear fluctuations ( Fig. S8 A and B) . These actin structures, which colocalize with myosin ( Fig. S8C) , have been previously reported as dynamic clusters (62) and could be the key intermediates in the mechanotransduction pathway driving nuclear dynamics. To assess whether forces generated by actomyosin contractility were applied directly on the nucleus, we overexpressed a dominant negative KASH plasmid, which disrupts the link between actin and the nuclear envelope. However, cells with perturbed LINC complex on CI pattern did not show significant change in PNAF compared with control CI cells. Because major changes in microtubule organization were observed when cell geometry was constrained, we induced microtubule depolymerization to assess whether these filaments were involved in the mechanotransduction of force to the nucleus. However, depolymerization of microtubules did not abolish nuclear deformability, suggesting that the small actin networks were exerting forces on the nucleus directly. Because the actin cytoskeleton is physically linked to the lamin meshwork via the LINC complex, we tested whether nuclear stiffness was modulated by altered cell geometry and whether this enhanced the nuclear dynamics. We found that lamin A/C was downregulated as matrix constraints were reduced; an effect similar to the down-regulation of lamin A/C with matrix stiffness (56) . This finding prompted us to transiently transfect cells with lamin A/C. Indeed, overexpression of lamin A/C abolished the nuclear fluctuations, and this was in contrast to lamin A/C knockdown, which increased nuclear fluctuations. Taken together, these experiments highlighted an important transcription-dependent mechanoregulatory pathway involving actomyosin contractility that couples matrix properties to nuclear dynamics. A recent study also revealed that Rac-1-mediated nuclear actin also causes nuclear envelope deformations (63) .
Next, we wanted to test whether the dynamics of chromatin remodeling were affected by the enhanced nuclear deformability. Heterochromatin structures have been shown to be stabilized in cells that are strongly adhered to the extracellular matrix (64) . We hypothesized that a reduction in the number of physical links to the extracellular matrix may disrupt heterochromatin integrity, thus making chromatin more permissive. Consistent with this, heterochromatin dynamics increased and correlation between heterochromatin foci trajectories decreased in cells on constrained isotropic geometry. The dynamic correlations of heterochromatin in cells of elongated polarized geometry were position dependent. Here the apical and basal foci were highly correlated with other apical and basal foci, respectively. Also, the motion of telomeres nearer to the nuclear membrane was more correlated to envelope fluctuations than that of a more interiorly positioned telomere (Fig. S9) , suggesting that an elaborate structural network inside the nucleus may be modulated by changes in actomyosin contractility. The pharmacological inhibitor washout experiments revealed that dynamic correlation in heterochromatin organization and its apical-basal grouping, which was reduced upon actin depolymerization, was restored after the actin depolymerizing agent was washed out. This suggests that a structural memory in the spatial organization of heterochromatin exists and highlights the importance of mechanical homeostatic balance for higher-order chromatin organization in living cells. Our studies also revealed an important role for actomyosin contractility in maintaining telomere positioning and dynamics. The enhanced dynamics of telomeres with actin depolymerization suggests that the telomere ends have to be protected during various cellular processes including its migration. Because these ends are susceptible to DNA damage, the cytoskeletal control of telomere stability is important to genomic integrity. In conclusion, our data systematically reveal an important link between cytoskeletal components and nuclear and chromatin dynamics (Fig. 7) . We suggest that the mechanical changes within the extracellular matrix tune the epigenetic states of chromatin dynamics via actomyosin contractility to regulate cellular functions including transcription, genome integrity, migration, and cellular homeostasis.
Materials and Methods
Cell Culture, Pharmacological Perturbations, and Plasmid Transfections. Wildtype NIH 3T3 fibroblasts and NIH 3T3 fibroblasts stably expressing H2B-EGFP were cultured in low-glucose Dulbecco's Modified Eagle Medium (Gibco; Life Technologies) supplemented with 10% (vol/vol) FBS (Gibco; Life Technologies) and 1% penicillin-streptomycin (Gibco; Life Technologies) at 37°C and 5% CO 2 in humid conditions. Cells were trypsinized (Gibco; Life Technologies) and seeded on fibronectin (Sigma) micropatterned dishes for 3 h before imaging. Cytochalasin-D (Sigma) was used at 500 nM working concentration, and cells were imaged either immediately or 30 min after treatment. Jasplakinolide (Gene Ethics) was used at concentration of 200 nM, and cells were imaged 20 min after treatment. Blebbistatin (Merck) was used at concentration of 25 μM, and cells were imaged 30 min after treatment. SMIFH2 (ChemBridge Corporation) was used at a concentration of 20 μM, and cells were imaged an hour after treatment. Nocodazole (Sigma) was used at a concentration of 10 μg/mL, and cells were imaged an hour after treatment.
All transfections were carried out using jetPRIME (Polyplus transfection).
Real-Time PCR. Real-time PCR was used to quantify the fold change in lamin A/C expression in CI and LP cells. mRNA was extracted using RNeasy Mini kit (Qiagen). Five hundred nanograms of total mRNA extracted was subjected to cDNA synthesis using iScript cDNA Synthesis kit (Bio-Rad). qPCR was performed using SsoFast qPCR (Bio-Rad) for 40 cycles in a Bio-Rad CFX96. The relative fold change in levels of lamin A/C was then measured with respect to GAPDH levels. Primer sequences used were LaminA (fwd-GTACAACCTGCGCTCACGCACCGT; rev-CACTGCGGAAGCTTCGAGTGACT); and GAPDH (fwd-GACCAGGTTGTCTCCTGCGACTT; rev-CCATGAGGTCCACCACCCTGTT).
Preparation of PDMS Stamps, Microcontact Printing, and Cell Seeding on Patterns. To make stamps, PDMS (Sylgard 184; Dow Corning) precursor and curing agent were mixed homogeneously in 10:1 ratio and poured over the silicon wafer which had large polarized (LP) or constrained isotropic (CI) micropatterned wells. After degassing in the desiccator for 30 min to remove air bubbles from the PDMS mixture, the silicon wafer with the PDMS mixture was cured in the oven at 80°C for 2 h. Solidified PDMS was then peeled from the wafer and cut into ∼1 cm × 1 cm stamps. These stamps were oxidized using plasma for 4 min, and then 15 μL of 100 μg/mL fibronectin solution (mixed with Alexa Fluor 647 dye; Sigma) was poured over each stamp. Extra solution was wiped with a tissue, and the stamp was allowed to dry for 10 min. The stamp was then checked under the microscope for complete drying between the micropatterned structures, after which it was inverted carefully onto the surface of an uncoated hydrophobic 35-mm dish (Ibidi). The stamp was gently removed after 2 min, and the stamping on the dish was checked by visualizing Alexa 647 fluorescence in the farred channel in the epifluorescence microscope. To passivate the nonpatterned surface of the dish, it was then treated with 2 mg/mL pluronic F-127 for 5 min and washed twice with PBS and cell culture medium before seeding single cells.
Imaging, Image Processing, and 3D Rendering. All imaging was carried out using a 100× objective on a NikonA1R Confocal microscope. Time lapse imaging was done in either widefield or confocal mode with 30-s, 60-s, or 90-s time intervals for up to 60 min in each condition. The z-depth for confocal imaging was 0.5 μm. H2B-EGFP images were thresholded, projected nuclear area was calculated, and time lapse images of the nuclear periphery were generated using custom written code in MATLAB. Merged images of the nuclear periphery at different time points were generated in ImageJ.
To generate edge kymographs, time series of nuclear periphery images were analyzed in IMARIS as a z-stack (Fig. S1D ) and then fitted with a surface. Three-dimensional rendering of actin, microtubules, and the nucleus was also done using IMARIS. Line kymographs across the nucleus for visualizing heterochromatin foci dynamics were generated in ImageJ.
Data Analysis and Statistical Tests. Absolute projected nuclear area (in μm 2 ) was first measured by thresholding either the widefield nucleus images or maximum intensity projection of confocal z-slices of the nucleus. This projected area was then plotted as a function of time and fitted with thirdorder polynomial (or exponential for LP+CytoD condition) curves in ORIGIN.
The residual values were divided by the value of the polynomial (or exponential) at each time point and multiplied by 100 to obtain the percentage normalized residual area fluctuations or the PNAF.
Such PNAFs were combined from multiple cells and time points for each condition to obtain a normal distribution. SD (σ) of such distribution indicates the amplitude (in percentage) of area fluctuations. To determine whether the difference in σ of PNAF distribution for various conditions is statistically significant, two-sample F-test for variance was performed in ORIGIN. P values were less than 0.001 in all cases.
Heterochromatin Foci and Telomere Trajectory Correlation Analysis. Time lapse confocal stacks of H2B-EGFP nuclei were opened in IMARIS. Nucleus Fig. 7 . A model summarizing cytoskeletal and nucleoskeletal regulation of nuclear and chromatin dynamics. The actin is shown in purple, the microtubules are shown in green, the lamin A/C is shown as blue (time t) and red (time t + Δt) outline of the nucleus, and heterochromatin foci are shown as blue (time t) and red (time t + Δt) structures of DNA. Briefly, in LP cells the long apical actin stress fibers press on the nucleus, making it flat and elongated. The lamin A/C expression levels are higher. The nuclear periphery, as well as heterochromatin foci, is less dynamic. In contrast, in CI cells, long actin stress fibers are absent, and actin exists as meshwork of short filaments and punctae. The zoom-in of actin structures shows actin, myosin, and formin asters as reported earlier (62) . Lamin A/C expression levels are lower. We speculate that active forces from the dynamic actin-myosin-formin asters, as well as decreased rigidity because of lower lamin A/C expression levels, make the nuclear periphery and heterochromatin foci more dynamic in CI cells. See also Fig. S8 . trajectory was corrected for translation and rotation shift. Bright spots corresponding to heterochromatin foci/telomere were picked using surface thresholding, and their centroid xyz trajectories were obtained. To calculate correlation between the xyz trajectories of heterochromatin foci (or telomeres), Pearson correlation coefficient was used, and the scalar variables A(t) and B(t) were replaced by vectors AðtÞ Various trajectories were simulated to verify that the vector correlation coefficient yields high correlation values between trajectories of particles moving in same direction and low correlation values between those moving in opposite directions (Fig. S5B) . Vector correlation coefficients of the simulated trajectories (Fig. S5C) were calculated using custom written codes in MATLAB. The vector correlation is highest (+1) when the angle between trajectories is 0°, is lowest (−1) when the angle between trajectories is 180°, and has values between −1 and +1 for angles between 0°and 180°. Using this approach, vector correlation coefficients were then calculated between pairs of heterochromatin foci (and telomeres), and their correlation matrices were generated using custom written codes in MATLAB.
